Enzymes of tyrosine biosynthesis (prephenate dehydrogenase and arogenate dehydrogenase) were characterized in 90 species currently classified within the genera Pseudomonas, Xanthomonas, and Alcaligenes. Variation in cofactor specificity and regulatory properties of the dehydrogenase proteins allowed the separation of five groups. Taxa defined by enzymological patterning corresponded strikingly with the five ribosomal ribonucleic acid (rRNA) homology groups established via rRNA-deoxyribonucleic acid hybridization. rRNA homology groups I, IV, and V all lack activity for arogenate/nicotinamide adenine dinucleotide phosphate (NADP) dehydrogenase and separated on this criterion from groups II and III, which have the activity. Group II species possess arogenate dehydrogenase enzyme (reactive with either NAD or NADP) sensitive to feedback inhibition by tyrosine, thereby separating from group III species whose corresponding enzyme was totally insensitive to feedback inhibition. The presence of prephenate/NADP dehydrogenase in group IV defined its separation from groups I and V, which lack this enzyme activity. Group I species possess an arogenate/ NAD dehydrogenase that was highly sensitive to inhibition by tyrosine and a prephenate/NAD dehydrogenase of relative insensitivity to tyrosine inhibition. The opposite pattern of sensitivity/insensitivity was seen in group V species. These dehydrogenase characterizations are highly reliable for the keying of a given species to one of the five rRNA homology groups. If necessary, other confirmatory assays can be included using other aromatic pathway enzymes. These results further document the validity and utility of the approach of comparative enzymology and allostery for classification of microorganisms.
Enzymes of tyrosine biosynthesis (prephenate dehydrogenase and arogenate dehydrogenase) were characterized in 90 species currently classified within the genera Pseudomonas, Xanthomonas, and Alcaligenes. Variation in cofactor specificity and regulatory properties of the dehydrogenase proteins allowed the separation of five groups. Taxa defined by enzymological patterning corresponded strikingly with the five ribosomal ribonucleic acid (rRNA) homology groups established via rRNA-deoxyribonucleic acid hybridization. rRNA homology groups I, IV, and V all lack activity for arogenate/nicotinamide adenine dinucleotide phosphate (NADP) dehydrogenase and separated on this criterion from groups II and III, which have the activity. Group II species possess arogenate dehydrogenase enzyme (reactive with either NAD or NADP) sensitive to feedback inhibition by tyrosine, thereby separating from group III species whose corresponding enzyme was totally insensitive to feedback inhibition. The presence of prephenate/NADP dehydrogenase in group IV defined its separation from groups I and V, which lack this enzyme activity. Group I species possess an arogenate/ NAD dehydrogenase that was highly sensitive to inhibition by tyrosine and a prephenate/NAD dehydrogenase of relative insensitivity to tyrosine inhibition. The opposite pattern of sensitivity/insensitivity was seen in group V species. These dehydrogenase characterizations are highly reliable for the keying of a given species to one of the five rRNA homology groups. If necessary, other confirmatory assays can be included using other aromatic pathway enzymes. These results further document the validity and utility of the approach of comparative enzymology and allostery for classification of microorganisms.
The focal point of previous studies, whereby the approach of comparative enzymology has been employed as a tool of microbial classification, has been diversity in allosteric control patterns. The most extensive application of this approach has been with 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthetase (19, 20) although successes have been achieved with other enzymes as well (6) . Each distinctive control pattern for DAHP synthetase was found to be a highly conserved trait among member species of a given genus (20) . It was previously thought that a given allosteric control pattern for DAHP synthetase operated in the context of identical biochemical routing. The discovery of different pathways in nature for phenylalanine and tyrosine biosynthesis utilizing the newly found intermediate arogenate (13, 17, 30, 38) opens the possibility that variant allosteric patterning of DAHP synthetase reflects correlative variation in the biochemical pathway itself.
There is an expanding basis for optimism that other biochemical diversity in major metabolic pathways will provide highly conservative characteristics for definition of natural relationships. Major lines of evolution in fungi were interpreted based upon the observed distribution of two pathways for lysine biosynthesis (23, 40 [5, 7] ) utilizes the intermediate 4-hydroxyphenylpyruvate. Cyanobacteria were the first group of organisms shown to depend upon a different sequence utilizing arogenate as a precursor (38) . This has been followed with the demonstration of the obligatory use of the arogenate route for tyrosine biosynthesis in coryneform bacteria (13, 14) . Pseudomonas aeruginosa expresses both pathways to tyrosine simultaneously (30) . The presence of dual enzyme sequences to tyrosine has been proposed as an explanation of the inability to isolate tightly blocked tyrosine auxotrophs (reluctant auxotrophy) in this organism (31) . The two enzyme sequences for tyrosine biosynthesis are shown in Fig. 1 . The extensive enzymological analysis of P. aeruginosa (4, 18, 30, 31, 39) provides a comprehensive background for a comparative enzymological analysis of related pseudomonad organisms.
Members of the current Pseudomonas genus are inhabitants of a wide range of environments J. BACTERIOL. and include at least one mammalian pathogen (P. mallei) and numerous plant pathogenic species. The genus is heterogeneous, and various species have been differentiated on the basis of a variety of phenotypic observations and growth responses (36) . The proximities of relationship among a number of named Pseudomonas species have been deduced by results of nucleic acid hybridization analyses. These studies have included DNA-DNA hybridization (26, 28, 33) and rRNA-DNA hybridization, two techniques that discriminate at different hierarchical levels of classification. The rRNA-DNA hybridization method (Table 1) separates five pseudomonad groupings (29) . Within each rRNA-DNA group, member species can be distinguished from one another by DNA-DNA hybridization experiments.
rRNA homology group I corresponds to the large DNA homology cluster which includes the fluorescent nomen species (P. fluorescens, P. aeruginosa, P. cichorii, and P. syringae) as well as the nonfluorescent species P. stutzeri, P. mendocina, P. alcaligenes, and P. pseudoalcaligenes (26 (bottom) leading to L-tyrosine biosynthesis. The aminotransferase reactions shown also require an amino-donor substrate (such as L -glutamate) and pyridoxal-5'-phosphate. Table 2 .
Cultures were grown and harvested at the ATCC facility, and the expertise of ATCC personnel in documentation of authenticity and purity of cultures was utilized. Cultures were grown in a rotary shaker at 1,000 rpm in the medium and at the ambient temperature recommended in the ATCC catalog of strains (14th ed., 1980). Harvest was at mid-or late-exponential phase of growth. Cell pellets obtained by centrifugation were shipped to New York in dry ice packages, and after arrival the cell pellets were maintained at -80°C prior to preparation of extracts for enzymological determination.
Preparation of extracts. Cell suspensions were sonicated in 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM dithiothreitol, followed by highspeed centrifugation at 150,000 x g for 1 h. Centrifugation at lower speeds (30,000 x g for 1 h) was usually unsatisfactory because such extracts possess an oxidase activity which then masks dehydrogenases of low activity. Apparently, this oxidase is membrane bound or particulate, or both, as it is completely eliminated after high-speed centrifugation. Extracts were subsequently passed through a Sephadex G-25 column to remove small molecules prior to enzyme assay.
Prephenate and arogenate dehydrogenase. All enzyme assays were carried out under conditions of proportionality, with respect to protein concentration and time at saturating substrate concentrations. The reaction mixture (200 p1) contained 0.5 mM NAD or NADP, enzyme, and 0.4 mM prephenate or arogenate in 50,uM potassium phosphate buffer, pH 7.5. Trizma-HCI (Sigma Chemical Co.) was an unsatisfactory buffer for dehydrogenase assays because it contained oxidizable contaminants. The continuous formation of NADH or NADPH was determined spectrophotofluorimetrically with an Aminco-Bowman spectrophotofluorimeter (excitation wavelength, 340 nm; emission wavelength, 460 nm). As an extra control, arogenate preparations were quantitatively converted to phenylalanine by use of 0.5 N HCI, incubated for 10 min at 37°C, and reneutralized with NaOH. Extracts giving positive arogenate dehydrogenase activity were then tested with acid-converted arogenate as substrate. Occasionally, a few strains showed a slight background activity due to a trace contaminant in the arogenate preparation.
Other analytical techniques. Protein concentrations were estimated by the method of Bradford (3) as described in Bio-Rad technical bulletin 1051. The method of Calhoun et al. (4) was used to assay DAHP synthetase.
Biochemical and chemicals. Amino acids, NAD, NADP, Trizma, and Sephadex G-25 were obtained from Sigma Chemical Co. Barium prephenate was prepared from culture supernatants of a tyrosine auxotroph of Salmonella tphimurium (9) and was converted to the potassium salt with excess K2SO4 prior to use. Arogenate was prepared from the culture supernatants of a triple auxotroph of Neurospora crassa (22) . The purification and isolation procedure was modified as described by Zamir et al. (41) . 11568  11228  25616  13525  4973  19865  19374  19867  14670  17806  17445  13637  10844  10248  25417  10854  19302  25374  25411  21074  27132  17724  17728  19875  951  11405  490  27511   III  I  I  III  I   III  I  I  I   *   I  I  II  II  II  II  I  I  I  III  IV  III   I  I  V   V   V  V   II   II  II  II   I  II   III  III 
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a Assigned group from analysis of tyrosine biosynthesis. Some species have been assigned to a given subgroup for the first time, and these should be considered provisional until confirmed by rRNA homology data. Asterisks denote species not in accord with the generic description of Pseudomonas. Named species of Alcaligenes are given bracketed subgroup designations to indicate the tentative status of subgroup assignment until rRNA homology data are available.
RESULTS
Dehydrogenase characterizations. Prephenate and arogenate dehydrogenase activities were assayed in extracts of all species studied.
Determinations were made of the presence of one or both dehydrogenase activities, whether NAD or NADP, or both, functioned as cofactor, and of the degree of feedback inhibition of each 250 BYNG ET AL. Table 2 .
(ii) Cofactor specificity. Three qualitative pattems of cofactor specificity were realized: NAD dependent, NADP dependent, and reactive with either NAD or NADP. Table 3 contains dehydrogenase activities obtained in the presence of either cofactor for representative species that were also included in the rRNA homology studies (29) . No taxonomic significance was related to the variation in absolute values of specific activity obtained for either enzyme in different organisms.
Either dehydrogenase activity in group I species exhibited an absolute requirement for NAD. P. maltophilia and species of Xanthomonas (group V) also possessed NAD-specific dehydrogenases for tyrosine biosynthesis. X. axonopodis (19312) possessed only prephenate/NAD dehydrogenase activity. The majority ofspecies listed under groups II and III possessed tyrosine biosynthetic dehydrogenase enzymes which could Table 4 ). Confirmation of these group placements by rRNA-DNA hybridization experiments would be desirable. DNA-DNA hybridization has suggested that P. solanacearum is not closely related to other Pseudomonas species (27) . However, on the basis of rRNA-DNA hybridization this species appears to be distantly related to P. cepacia and P. marginata (29) . The presence in this species of a tyrosine-related arogenate dehydrogenase activity agrees with the suggestion (29) of the placement of P. solanacearum in group II.
P. delafieldii (first species in group III, Table  4 ) and P. marginata (last species in group II, Comparative dehydrogentase allostery to distinguish between groups I and V (and group IV). Among groups I, IV, and V, species within group IV are alone in possession of prephenate/NADP dehydrogenase (Table 3) . Confirmation of group IV identity may be obtained through observation of the total insensitivity of dehydrogenases from group IV species to inhibition by tyrosine (Table 5) . Although X. ampelina (which does not conform to expectations for a group V species) does fit the criteria listed above for species within group IV, other enzymological patterns ruled out its clasification within group IV (R. J. Whitaker et al., submitted for publication). X. ampelina has also been shown to be at variance with other generic characters ofXanthomonas species in group V. Xanthomonads have been shown to contain brominated aryl-polyene pigments, termed xanthomonadins. X. ampelina produces different pigments of currently unknown structure (37) . The questionable status of X. ampelina is further supported by the dissimilarity reported for rRNA cistrons of X. ampelina in comparison with those of other named Xanthomonas species (11). J. BACTERIOL. a Percent inhibition in the presence of 0.5 mM L-tyrosine. b These species possess a dehydrogenase substrate/cofactor specificity proffile similar to group II or III.
However, rRNA-DNA hybridization data are not yet available. c Groups to which these species can be assigned based upon this analysis.
Group I encompasses the fluorescent nomen species, the fluorescent phytopathogenic pseudomonads, as well as certain nonfluorescent species (P. stutzeri, P. alcaligenes, and P. mendocina). In Table 5 the phytopathogenic species of group I are segregated together at the bottom of the listing for more convenient comparison with the phytopathogens (mainly xanthomonads) which fall into group V. All group I species displayed a consistent pattern of dehydrogenase allostery in which prephenate/NAD dehydrogenase was relatively insensitive to tyrosine inhibition whereas arogenate/NAD dehydrogenase was very sensitive to feedback inhibition.
Exactly the opposite pattem of allostery was found with group V species where prephenate dehydrogenase was most sensitive to feedback inhibition. Group V species identified by dehydrogenase patterning are easily confirmed by their unique allosteric pattern of control for DAHP synthetase (Whitaker et al., submitted for publication).
At present, the 8th edition of Bergey's Manual of Deterninative Bacteriology recognizes only two species encompassing the fluorescent phytopathogenic pseudomonads. These are P. syringae and P. cichorii, species shown to fall into the P. fluorescens DNA-homology (group I) cluster (26) . The majority of organisms are assembled under the name P. syringae. However, there may be clustering of strains around certain nomen species on the basis of nutritional or physiological characteristics (24, 25, 35) and also by extensive DNA-DNA hybridization experiments (32) . Like fluorescent phytopathogenic pseudomonads, named xanthomonads have emerged as a large number of species based upon pathogenicity known for particular hosts. However, if the host range has not been clearly defined, the same organism may in fact be placed in completely different species, depending on the plant from which it was isolated. For the Xanthomonas genus, five taxospecies were recognized by Dye and Lelliott (12) . The majority of X. ampelina (bottom line) which separates from other group I and V species. " Where activity in the absence of inhibitor was absent or too low to obtain meaningful inhibition data, a dash appears.
Activity was qualitatively present, but high endogenous activity complicated the analysis of tyrosine inhibition. tophilia, Table 3 ; P. gardneri Table 5 ). The placement of the latter species in group V with species ofXanthomonas is very clear when these data on dehydrogenase patterning are consid- Fig. 2 . Thus, the presence or absence of arogenate/NADP dehydrogenase activity separates groups I, IV, and V from groups II and III. Group II species possess a tyrosine-inhibited arogenate/NADP dehydrogenase, whereas the activity of group III species is insensitive to inhibition. Among groups I, IV, and V, only member species of group IV possess prephenate/NADP dehydrogenase. Finally, group I species can be distinguished from group V species through observation of whether prephenate/NAD dehydrogenase or arogenate/NAD dehydrogenase is most sensitive to feedback inhibition by tyrosine. Our overall enzymological patterning studies, especially this dehydrogenase analysis and the DAHP synthetase analysis (Whitaker et al., submitted for publication), suggest that, of the five groups, groups II and III are nearest each other. This is also suggested by DNA-rRNA hybridization experiments using Janthinobacterium hiridum as a test organism (10) .
The comprehensive scope of this analysis introduces interesting possibilities for improved appreciation of gene-enzyme relationships and regulation in nature. Where dual routes to tyrosine exist in vitro, the fractional contribution of each sequence to total end product forned in vivo is of interest. In some cases the in vitro data allow a reasonable guess. For example, one might expect that member species of group V rely mainly on prephenate dehydrogenase for tyrosine biosynthesis based upon the excellent sensitivity of this enzyme to allosteric control and the sometimes-absence of arogenate dehydrogenase (e.g., X. axonopodis). The diversity of enzymological patterns with respect to presence or absence of dual pathways to tyrosine (or phenylalanine), the specificity for pyridine nucleotide cofactor, and the allosteric regulation(s) in force should ultimately be interpretable in relationship to the equally diverse patterning of enzymes positioned elsewhere in the pathway, such as DAHP synthetase. The correlating patterns in nature ofvariation in one enzyme system with diverse patterns in another may assist the understanding of the subtleties of complex interaction exerted between segments of a highly branched biochemical pathway. We have equated the phenomenon of reluctant auxotrophy in P. aeruginosa to the presence of separate (dual) branchlets to both tyrosine and phenylalanine (30, 31) . In A. eutrophus, phenylalanine auxotrophs, but not tyrosine auxotrophs, were successfully isolated (15) . This is consistent with the presence of one pathway to phenylalanine (via prephenate dehydratase; unpublished data) in contrast to the presence of two pathways to tyrosine via prephenate dehydrogenase and arogenate dehydrogenase (this paper).
